as are Dlx-1 and -2 (Simeone et al., 1994) , but their transcripts are found in more differentiated cells (Liu et al., unpublished data; Figure 6) .
To study the roles played by Dlx-1 and Dlx-2 in forebrain development, we generated mouse strains lacking functional copies of these genes (Qiu et al., 1995; Qiu et al., 1997) . Because Dlx-1 and Dlx-2 are closely linked (McGuinness et al., 1996) , a single large deletion was made to generate mice lacking both genes (Qiu et al., 1997) . Mice heterozygous for these mutations are fertile and appear normal, while homozygote mutants are not viable (Dlx-2 and Dlx-1/Dlx-2 mutants die within a few hours after birth; Dlx-1 mutants die within the first month of life), apparently due to craniofacial and/ or enteric nervous system defects (Qiu et al., 1995; Qiu et al., 1997) . In the forebrain of Dlx-1 Ϫ/Ϫ mice, no abnormalities have been detected. Analysis of the forebrain of Dlx-2 Ϫ/Ϫ mutants revealed normal histology but a reduction of tyrosine hydroxylase (TH) immunoreactive interneurons in the olfactory bulb (Qiu et al., 1995) .
In this paper, we describe forebrain abnormalities in the Dlx-1/2 double mutants. Differentiation of early born striatal neurons produces a striosome-like compartment in the mutant striatum. However, later born cells accumulate and differentiate abnormally within the mutant LGE, so that few cells born during the period of matrix neurogenesis are present in the mutant striatal mantle. The onset of these abnormalities appears to coincide with the emergence of the SVZ as the dominant proliferative region in the LGE. In addition, several putative regulatory genes that are normally expressed in the subcortical SVZ are undetectable in the mutant LGE. Based upon these results, we propose that Dlx-1 and Dlx-2, by regulating the expression of , and other genes, are required for SVZ function and the differentiation of striatal matrix neurons.
Results

Dlx-1 and Dlx-2 Have Redundant Functions for Striatal Development
Dlx-1 and -2 are expressed in the proliferative zones of the subcortical telencephalon that give rise to the striatum and other basal ganglia structures (Porteus et al., 1991; Robinson et al., 1991; Price et al., 1991) . To study the effects of the Dlx-1, Dlx-2, and Dlx-1/2 mutations on forebrain development, a histological analysis of Nissl-stained sections was performed on the brains of animals sacrificed on the day of birth (P0). While the subcortical telencephalon of the single mutants appears normal ( Figure 1A ), this region of the Dlx-1/2 Ϫ/Ϫ mice is markedly abnormal (no defect has been detected in the Dlx-1/2 heterozygotes). Histological defects are indicated by the arrows in (E). Note the presence of these striatal an abnormal, cell-dense periventricular region, the LGE*. markers in the presumptive striatum (St*) of the Dlx-1/Dlx-2 Ϫ/Ϫ (C-G) Histochemical and immunohistochemical analyses of coronal mutants. hemisections (Dlx-1/Dlx-2 ϩ/Ϫ, left; Ϫ/Ϫ, right).
(G) GAD-67 immunoreactivity in the olfactory bulb (OB). (C) Acetylcholinesterase histochemistry.
LGE, lateral ganglionic eminence; St, striatum; V, lateral ventricle. (D) Tyrosine hydroxylase immunoreactivity.
LGE* and St* refer to the LGE and St in the Dlx-1/2 Ϫ/Ϫ animals. (E) DARPP-32 immunoreactivity.
Scale bars, 200 m. LGE and MGE, lateral and medial ganglionic eminences; VZ and SVZ, ventricular and subventricular zones; St, striatum; V, lateral ventricle. Scale bar, 300 m.
most evident in the striatum and olfactory bulbs. In this is supported by evidence from neuronal birthdating studies described in a subsequent section (Figure 3 ). paper, we have focused our analysis on the Dlx-1/2 mutant striatum, whose periventricular region has an accumulation of densely packed, darkly-stained cells Abnormal Colocalization of Proliferating and Differentiated Cells in the LGE* that resemble the undifferentiated cells of the LGE; for this reason we have named this region the LGE* ( Figure  In the Dlx-1/2 mutants, the histological appearance of the LGE* suggests that it contains undifferentiated pro-1B). Ventrolateral to the LGE* is an area that has the histological appearance of a small striatum (St*).
liferating cells. To test this possibility, we studied the proliferative and histochemical properties of the LGE*. Several methods confirmed that many of the cells in Dlx-1/2 Mutants Have Striatal-like Tissue That Is Enriched for Striosomal Markers the LGE* are proliferating. Basic fuchsin staining was used to study the general histology and to identify miThe striatum-like region (St*) in the Dlx-1/2 Ϫ/Ϫ mice was further characterized using histochemical markers totic figures. This approach showed that the LGE* and the LGE have similar cell densities at P0 ‫2.2ف(‬ cells/10 of the mature striatum. These included: DARRP-32, a phosphoprotein associated with the D1 dopamine rem 2 ). While both the LGE* and LGE had mitotic figures scattered throughout their extent (data not shown), the ceptor that is preferentially distributed in striosomes at P0 (Foster et al., 1987) ; acetylcholinesterase (AchE), an
LGE* has a much lower density of mitotic figures (LGE*: 13/mm 2 ;
LGE: 86/mm 2 ). Expression of the proliferating enzyme that is associated with neonatal striosomes (Murrin and Ferrer, 1984; Snyder-Keller, 1991) , and tyrocell nuclear antigen (PCNA; Carmen et al., 1992) , as well as BrdU incorporation (data not shown), support this sine hydroxylase (TH), an enzyme that is present in axon terminals from the substantia nigra (SN) and that is also result ( Figure 2J ). The markedly reduced density of proliferating cells enriched in the neonatal striosomal compartment (van der Kooy, 1984) . All three of these markers were present within the LGE* suggests that it contains a large population of postmitotic cells. To test this hypothesis, we in the St* ( Figures 1C-1F) . Thus, as defined by the expression of markers for striatal neurons and for afferents studied the expression of proteins found in striatal neurons. Neither the LGE nor the LGE* expressed a variety from the SN, a striosome-like compartment forms in the Dlx-1/2 mutant striatum.
of markers found in differentiated striatal neurons, such as dopamine-and cyclic adenosine 3Ј:5Ј-monophosDue to the lack of matrix-specific markers at P0, we were unable to determine by immunohistochemistry phate-regulated phosphoprotein (DARPP-32; Figure 1E ) or nitric oxide synthase (data not shown). On the other whether matrix cells were present in the St*. However, the fairly uniform distribution of striosomal markers in hand, many LGE* cells expressed microtubule associated protein-2 (MAP2; Figure 2L ). MAP2 is a cytoskeletal the St* suggest that few matrix cells are located in this region (Krushel and van der Kooy, 1995) . This hypothesis protein found primarily in postmitotic, postmigratory neurons (Crandall et al., 1986; Chun and Shatz, 1989 ; Abnormal Migration of Later-Born LGE* Cells in the Dlx-1/2 Mutants Johnson and Jope, 1992) . In the developing striatum, MAP2 immunoreactivity normally forms a boundary beNeuronal differentiation is associated with the migration of postmitotic cells from the proliferative zone to the tween the proliferative and postmitotic zones ( Figure  2K ; Halliday and Cepko, 1992; . Thus, mantle. This process was assessed in the Dlx-1/2 mutants using two methods: vital dye staining with DiI in the LGE* differs from the LGE in that it contains both proliferating and partially differentiated neurons (Figures organotypic slice cultures and BrdU birth-dating. For the latter experiments, pregnant animals received a single 2J and 2L).
To establish why there are MAP2-expressing cells in injection of BrdU at E11.5, E12.5, E15.5, or E16.5, and the location of the BrdU-labeled cells was analyzed at the LGE*, we began by studying the onset of this abnormality. Pregnant mice at different developmental stages P0 (see Figure 3 for E11.5 and E15.5 injections). Based upon extrapolation from data generated in rats, the were given injections of bromodeoxyuridine (BrdU; Miller and Nowakowski, 1988) 30 min prior to sacrifice. E11.5 injection should label only neurons of the striosomal compartment, while the E15.5 injection would Both the PVE/VZ and the SPP/SVZ were detectable in the LGE of wild-type and mutant animals, using the BrdU be expected to primarily label matrix neurons (van der Kooy and Fishell, 1986; Song and Harlan, 1994) . In wildmethod ( Figures 2A, 2B , 2E, and 2F) and basic fuchsin counterstaining for mitotic figures (data not shown). At type and heterozygous animals, BrdU pulses at both E11.5 and E15.5 labeled cells throughout the striatal E12.5, the expression of MAP2 and proliferation markers did not overlap in the LGE* of the Dlx-1/2 mutant (Figures mantle (Figures 3A and 3D ). In the mutants, the E11.5 injection also primarily labeled cells that populate the 2A-2D). However, at E15.5 there was an abnormal presence of both MAP2-positive and proliferating cells in St* ( Figure 3B ); in contrast, most of the mutant cells labeled by the E15.5 pulse remained within the LGE* the LGE* ( Figures 2E-2H) ; this abnormality first became apparent at E13.5 (data not shown).
( Figure 3E ). Injection at E12.5 produced an intermediate result, with labeled cells present in both the LGE* and These results suggest that Dlx-1/2 mutants have a time-dependent defect in striatal histogenesis. At early the St* (data not shown). These data indicate that, beginning at approximately E12.5, some newly postmitotic stages, there is no apparent defect, whereas by E13.5 the SVZ domain of the LGE* begins to contain cells that cells do not migrate out of the LGE*, and by E15.5, most newly postmitotic cells remain in the LGE*. This result, have partially differentiated. One mechanism that could account for this abnormality is that cells becoming posthowever, does not exclude the possibility that some migration out of the LGE* does occur, and that the BrdUmitotic before E12.5 are able to migrate from the proliferative zone into the mantle, whereas cells born after E12.5 positive cells die once they reach the St*.
To further study the ability of LGE* cells to migrate, are arrested in their ability to migrate from the LGE*. Below, we describe two approaches that were used to we used an organotypic slice culture preparation of the embryonic forebrain (Tobet et al., 1994) . Crystals of DiI address this hypothesis.
was not due to a morphological defect in the radial glia, as their processes were indistinguishable in both mutant and wild-type slices. Normal appearing radial glial fibers were also found in the mutants at E16.5 by immunohistochemistry using the RC-2 antibody (Mission et al., 1988 ; data not shown).
These results suggest that in the absence of Dlx-1 and Dlx-2, striatal neurons born around or prior to E12.5 differentiate and migrate into the striatal mantle. However, most of the later born cells are unable to migrate out of the proliferative region. Instead, they accumulate within the LGE*, where they partially differentiate (e.g., express MAP2 but not DARPP-32). The onset of this abnormality (around E12.5) coincides with the development of the SPP as the dominant proliferative population in the LGE (Bhide, 1996) , suggesting that this population is particularly affected by the absence of Dlx-1 and Dlx-2. The following histological findings, and molecular data described in the last section of the Results, are consistent with this hypothesis.
One of the derivatives of the rostral SVZ is the GABAergic interneurons of the olfactory bulb, whose precurors migrate via the rostral migratory stream (Luskin, 1993) . At P0, immunoreactivity for glutamic acid decarboxylase (GAD), the enzyme which produces GABA, is greatly reduced in the mutant olfactory bulb ( Figure 1G ). TH immunoreactivity, normally present in a subpopulation of GABA-containing periglomerular interneurons, is also reduced in the Dlx-1/2 (data not shown) and Dlx-2 (Qiu et al., 1995) mutant olfactory bulbs. These results demonstrate that an important derivative of the SVZ is abnormal in the absence of Dlx-1 and Dlx-2, perhaps due to an inability of the precursor cells to migrate out of the LGE.
Cells of the LGE* Differentiate In Vitro
As demonstrated above, the LGE* contains MAP2-positive cells that fail to migrate out of the proliferative zone and lacks markers of differentiated striatum, such as LGE* were extending MAP2-positive neurites typical of days in vitro, the majority of both Ϫ/Ϫ and ϩ/Ϫ neurons (E-H) At E15.5, there is extensive migration away from the region expressed DARPP-32 ( Figures 5C and 5D ). In addition, of dye placement in the wild-type slices (left), but very little migration the mutant neurons were morphologically indistinguishin the mutant slices (right). In (G) and (H), the fluorescence was able from ϩ/Ϫ neurons, as revealed by immunoreactivity photoconverted into a DAB product.
for TuJ1 (Figures 5E and 5F ). Moreover, cells immunore-LV, lateral ventricle. Scale bar, 250 m.
active for GFAP were present in the LGE* cultures (Figure 5H ), indicating that both astrocytic and neuronal were placed into the LGEs of wild-type and Dlx-1/2 mulineages from the LGE* can differentiate in vitro. tant animals, and the locations of DiI-labeled cells were determined after as much as 48 hr in vitro. At E12.5, there was no apparent difference between mutant and
The SVZ Exhibits Molecular Abnormalities in the Developing LGE* wild-type slices in the migration of cells from the LGE to the mantle region ( Figures 4A-4D) . However, in the The SVZ becomes a prominent proliferative domain in the LGE around E12.0 (Bhide, 1996) . To study its develmutant at E15.5 ( Figures 4E-4H ) and E18.5 (data not shown), there was much less migration both within the opment in the Dlx-1/2 mutants, we examined the expression of genes that are transcribed in different regions LGE* and from the LGE* to the mantle. Available evidence suggests that the abnormal migration at E15.5 of the LGE. LGE* that were maintained in culture for 12 hr. Note that while these cells express MAP2, DARPP-32 expression was not detectable (DARPP-32 was also not detectable in the wild-type E18.5 LGE samples).
(C-H) Analysis after 72 hr in culture. Greater than 50% of the cells were immunoreactive for DARPP-32 in both mutant (C) and wildtype (D) preparations. Expression of the neuron-specific microtubule protein TuJ1 (Lee et al., 1990 ) is present in both mutant (E) and wild-type (F) cells; TuJ1-labeled cells of both genotypes have neuronal morphology. GFAPpositive glial cells were also present in the LGE*-derived culture after 72 hr in vitro (G).
(H) shows an immunohistochemisty negative control using the same LGE* preparation that is shown in (C) (no primary antibody was included).
Genes in the Dlx family are expressed at different mutants produce a small striatum-like region that is enriched for early born neurons and markers of the striosostages of differentiation within the subcortical telenmal compartment. Adjacent to the lateral ventricle, the cephalon (Liu et al., unpublished data). Dlx-1 and -2 are mutants have an enlarged SVZ-like region that contains primarily expressed in the VZ and the SVZ, Dlx-5 is a relatively low density of proliferating cells intermixed primarily expressed in the SVZ and the mantle, and Dlx-6 with partially differentiated late born neurons. The onset is primarily expressed in the mantle (Figures 6A-6C) . In of these abnormalities, and alterations in the expression the E12.5 mutant, expression of Dlx-5 was absent from of several genes normally present in the SVZ, suggest the LGE*, while both Dlx-5 and -6 were expressed in the that Dlx-1 and Dlx-2 play an important role in regulating narrow strip of mantle ( Figures 6B and 6C) . Dlx-5 and phenotypic specification of particular lineages that are -6 expression in the LGE* continued to be absent at derived from this proliferative zone. Mutation of the E14.5 ( Figure 6E ; data not shown). Other genes exgenes disrupts differentiation within and/or migration pressed in the SVZ of the LGE were also not detected out of the SVZ. in the LGE*, such as the POU-homeodomain genes Oct-6/SCIP/Tst-1 and Brn-4 (Mathis et al., 1992; Wegner et Dlx-1 and -2 Are Essential for "Late" al., 1993; Figure 6D ; data not shown).
Neurogenesis of the Striatum Thus, Dlx-1 and -2 are required for the expression of An important feature of the developing central nervous several transcription factors in the SVZ (see summary system is the relationship between a cell's birthdate and diagram in Figure 7 ). In addition, Dlx-1 and -2 are also its fate. In the telencephalon, earlier born neurons form required to restrict the expression of Lhx-2, a Limthe deeper neocortical layers and striosomal comparthomeobox gene, to the VZ of the LGE. Expression of ment of the striatum, while later born cells form the Lhx-2 expanded into the region of the presumptive SVZ superficial neocortical layers and the striatal matrix (Anof the LGE* at E12.5 (data not shown) and at E14.5 gevine and Sidman, 1961; van der Kooy, 1986) . Here, ( Figure 6F ).
we provide evidence that Dlx-1 and -2 regulate this process in the striatum. Birthdating and cell migration studDiscussion ies (Figures 3 and 4) , as well as the time of appearance of partially differentiated neurons within the mutant LGE We report that mice lacking both homeobox genes (Figure 2 ), demonstrate that early (‫ف‬E10.5-E12.5) striatal Dlx-1 and Dlx-2 have a time-dependent block in striatal histogenesis appears normal, whereas at later times differentiation. Regional specification within the telenmost of the postmitotic neurons do not exit the proliferative zone. At P0, the striatum-like tissue (St*) in the Dlx-1/ cephalon does not appear to be grossly disrupted. The Dlx-2 mutants is enriched both for early born cells and in a subset of VZ cells in the LGE, DLX-2 is expressed in most cells of the SVZ . DLX-1 for markers of the striosomal compartment (Figure 1 ). In addition, the distribution of these markers (particularly protein appears to be expressed similarly (Eisenstat and Rubenstein, unpublished data). These results suggest AchE) is fairly homogeneous compared to the wild-type animals, suggesting that matrix cells are not present in that Dlx-1 and Dlx-2 may function in a subpopulation of VZ-derived cells that form the proliferative population the St*. The inhomogeneities in AchE expression that are present appear to be due primarily to AchE-negative of the SVZ. Evidence of clonal heterogeneity within the proliferative zones of the LGE supports this possibility fiber tracts, rather than to unstained cells. In sum, despite the difficulty of identifying matrix cells at P0, these (Halliday and Cepko, 1992; Acklin and van der Kooy, 1993; Krushel et al., 1993) . In the Dlx-1/2 mutants, alfindings are consistent with the hypothesis that striosomal neurons migrate and differentiate in the Dlx-1/2 muthough an SVZ-like proliferative region forms ( Figure  2B ), gene expression within and histogenesis from the tants, whereas matrix neurons do not. mutant SVZ is abnormal. The following phenotypic features of the Dlx-1/2 mutants support this point. Dlx-1 and -2 Are Required for SVZ Function It is largely unknown how different neuronal lineages are First, the timing of the development of the SVZ as the dominant proliferative population within the LGE corresegregated in the developing telencephalon. We have previously shown that while DLX-2 protein is expressed lates well with the onset of abnormalites in the Dlx-1/2 shown) implies that the function of these genes is largely redundant in the forebrain. On the other hand, the mutation of Dlx-2, but not of Dlx-1, affects the development of a specific neuronal lineage, tyrosine hydroxylaseexpressing periglomerular interneurons in the olfactory bulb (Qiu et al., 1995; data not shown) . This result indicates that, like their roles in craniofacial development, Dlx-1 and Dlx-2 functions are not fully redundant in the forebrain (Qiu et al., 1995; Qiu et al., 1997) . Consistent with this is the observation that antisense inhibition of Dlx-2 in primary neuroepithelial cultures partially represses neuronal differentiation (Ding et al., 1997) . It is unclear at this point why the antisense Dlx-2 experiment has a more profound effect on differentiation than the Dlx-2 mutation. Most of the cells accumulating within the LGE* express MAP2 ( Figure 2 ), a marker of postmitotic neurons, suggesting that Dlx-1 and -2 are not essential for all vivo, these cells may be unable to further differentiate due to the repressive effects of cell-cell contacts or the mutants. Neurogenesis in the LGE begins around E10.5, extracellular milieu, which are eliminated in the dissociwhen proliferation is occuring in the VZ. During the next ated culture. 48 hr, the SVZ becomes the predominant source of proTwo general possibilities could account for the inabilliferation within the LGE, so that cells born after this ity of later born, primarily SVZ-derived cells to migrate point are primarily derived from the SVZ (Bhide, 1996;  normally in the Dlx-1/2 mutant LGE. The primary problem Sheth and Bhide, 1997) . This transition correlates with could be the inability of the cells to migrate due, for the onset of migration (Figures 3 and 4) and differentiaexample, to abnormalities in the cellular machinery for tion (Figure 2 ) defects in the Dlx-1/2 mutants. However, movement, the function of ion channels that are known it is unclear whether the later born VZ cells are also to regulate the cytoskeleton (Rakic and Komuro, 1995) , affected in the mutants, or whether they comprise the or alterations in the extracellular environment. In this few late born cells that appear to migrate into the mutant case, partial differentiation of neurons in the LGE* striatal mantle (Figure 3) . may occur despite their abnormal location. Alternatively, Second, the expression of several genes in the SVZ* the primary problem may be one of premature differenti-(Dlx-5, Oct-6, and Brn-4) is lacking (Figure 6 ; data not ation. In this case, the expression of MAP2 within the shown). In addition, the expression of Lhx-2, which is
LGE* would be indicative of the cells failing to maintain normally restricted to the VZ of the LGE, expands into a relatively undifferentiated state that is compatible with the SVZ* ( Figure 6F ). Thus, Dlx-1 and -2 are either directly migration. Future transplantation studies, and studies or indirectly required for restricting the expression of that identify genes which are dysregulated in the DlxLhx-2 to the VZ, and inducing the expression of Dlx-5, 1/2 mutants, should provide insights into the mechaOct-6, and Brn-4 in the SVZ.
nism(s) underlying this block in migration and differentiThird, one of the cell types that is known to be proation. duced by the subcortical SVZ is the olfactory bulb interneuron (Luskin, 1993) . In the Dlx-1/2 mutants, GAD immunoreactivity was not detectable in the mantle of Evidence That Different Dlx Gene Family Members the olfactory bulb ( Figure 1G ). This finding demonstrates Are Required at Different Steps in a severe defect in interneuron development, and further Striatal Differentiation supports the hypothesis that Dlx-1 and -2 are essential There are six known murine Dlx genes (Stock et al., for the differentiation and/or migration of SVZ-derived 1996) , four of which have been demonstrated to be exneurons.
pressed in the developing forebrain (Liu et al., unpublished data) . In the LGE, Dlx-1 and -2 expression begins Implications of the Double Mutant Phenotype around E9.5 when it is primarily in the SVZ. A subpopulafor Dlx-1 and Dlx-2 Function tion of VZ cells also expresses these genes, particularly The fact that the striatum in the Dlx-1 and the Dlx-2 single mutants appears normal (Figure 1 ; data not near the cortical-subcortical boundary (Bulfone et al., were injected intraperitoneally with 40 mg/kg of BrdU and sacrificed 1993b; Fan et al., 1996) . Dlx-5 is expressed strongly in 30 min later (as in Figure 2 ), or gestation was continued to term (as the SVZ and relatively weakly in the mantle, while Dlxin Figure 3 ). The labeled cells in the SVZ (Figures 2A and 2B (Figure 7 ). In the Dlx-1 and -2 muthe ventricle have been shown to belong to the SPP (Bhide, 1996) .
tants, Dlx-5 and Dlx-6 are absent from the SVZ* (Figure 6) . It remains to be determined whether Dlx-5 and Organotypic Culture -6 are directly or indirectly regulated by Dlx-1 and -2.
Organotypic slice cultures of embryonic mouse forebrain were preThus, while Dlx-1 and -2 are required for Dlx-5 and -6 pared as previously described (Tobet et al., 1994) eage, would be dependent on Dlx-1 and -2, is derived about 100 m) were placed using an insect pin and a dissection microscope. After incubation for various times, the slices were fixed from the SVZ and produces the late born neurons of the in 4% paraformaldehyde/PBS at 4ЊC for at least 4 hr, and mounted striatal matrix (Figure 7 ).
on glass slides under Vectashield mounting medium (Vector). Slices were visualized on a Nikon optiphot microscope using rhodamine Experimental Procedures fluorescence filters.
Histology
Estimates of mitotic figure densities and cell counts were made Dissociated Culture from 4 m paraffin sections stained in 0.1% basic fuchsin and examTo produce dispersed cell cultures, wild-type and mutant mice at ined under a Nikon Optiphot-2 microscope. To estimate the density E18.5 and P0 were treated as follows. Embryos were placed in sterile of mitotic figures, the area of the proliferative zone was determined Hank's buffer, and the brains were removed and embedded in 5% using NIH image 1.6 software on images scanned from color slides.
low-melt agarose (Seakem). Coronal 800 m sections were cut on For cell counts, an eye piece reticule was used. Five nonconsecutive a vibratome into sterile Kreb's buffer, and the striatal VZ/SVZ was coronal sections were analyzed in each of two P0 Dlx-1/2 mutant dissected away from the striatal mantle under a dissection microand two wild-type littermates. The sections were located caudal to scope. Dispersed cell cultures were made by mechanical trituration. the genu of the corpus callosum and rostral to the hippocampal Approximately 1 ϫ 10 5 cells were plated per well (eight-well chamber commissure.
slides, Lab Tek). Culture media and conditions were the same as those previously described (Vaccarino et al., 1995) . ImmunohistoImmunohistochemistry and Histochemistry chemistry was performed as described above. Antibodies used were Immunohistochemical methods for Figure 1 were as follows. Neoas follows; anti-beta-tubulin class III (TuJ1 clone) monoclonal antinates were anesthetized by cooling and perfused with 4% paraforbody (1:2000; a generous gift from A. Frankfurter), and anti-GFAP maldehyde in phosphate buffered saline (PBS), postfixed 8 hr, cryopolyclonal antibody (1:1000; Chemicon). In Figure 5 , the samples protected, cut into 10-20 m sections, and mounted onto Superfrost shown in panels 5A-5D and 5H were processed together following Plus (Fisher) slides (except in the case of DARRP-32, in which 30 the primary antibody step. m floating sections were used). Sections were preincubated in 5% normal goat serum with 0.3% Triton-X 100 in PBS, then incubated overnight at 4ЊC. The following antibodies were used: mouse monoIn Situ Hybridization clonal anti-DARPP-32, 1:5000 dilution (a generous gift of D. HenIn situ hybridization experiments were performed using 35 S riboning), and rabbit polyclonals anti-GAD-67, 1:2000 (Chemicon), and probes on 10 m frozen sections as described previously (Bulfone anti-TH, 1:2000 (Pel-Freez) . Sections were then incubated in biotinylet al., 1993a) . ated secondary antibodies (Vector) and processed by the Vector ABC histochemical method. AchE histochemistry was performed as described (Schlagger and O'Leary, 1994) . In each experiment, Acknowledgments sections from homozygous mutants and their wild-type or heterozygous littermates were processed together.
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BrdU-Labeling
Heterozygote females were mated with heterozygote males, and the morning of a vaginal plug was designated E0.5. Pregnant females Received May 2, 1997; revised May 28, 1997.
